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Abstract
A special kind of surface modified copper nanoparticles was selected as the auto-reconditioning materials to in situ generate a
copperized protective film on iron-base metal surfaces under designed tribological conditions. The morphologies and element
distributions of the formed film were observed and determined by scanning electron microscopy (SEM) and energy dispersive
spectrometry (EDS). The micro mechanical properties and tribological behaviors were investigated by nano test system and ball-
on-disc tribotester. The results show that the morphology of the protective film is smooth, the nano-hardness decreases by 46%
and the friction coefficient of the copperized protective film is about 0.10. The forming mechanism of the auto-reconditioning
film can be described that the copper nanoparticles deposit on the worn surfaces and form iron-copper alloy film with lower
hardness and shear strength, which has better friction-reducing, antiwear and surface-optimizing behaviors.
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Selection and peer-review under responsibility of the Chinese Heat Treatment Society.
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1. Introduction
Lubrication is one of the effective measures to reduce friction and wear. In order to reduce friction and wear of
triboparts, scientific researchers have been making unswerving efforts to adopt various lubrication means in a bid to
realize “zero wear” of triboparts or a “super-lubricity” situation coupled with minimized wear(Xue Q J, Dang H
X,1993;Zhou J F, Zhang Y J and Liu W M,2000). Recently, some special substance (such as soft metal nanoparticles)
has been used as auto-reconditioning materials which could in situ generate a protective film on tribosurfaces as a
result of mechanochemical reactions between worn tribosurfaces and the reconditioner during the friction
process[3,4]. This technique could reduce the disassembly procedure, improve the reliability and prolong service life
of mechanical equipment. It has been widely employed in the academic and engineering fields in recent years.
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In this paper, a special kind of surface modified copper nanoparticles was selected to in situ generate copperized
protective film on iron-base metal surfaces under designed tribological conditions. The surface optimizing behavior,
tribological and micro mechanical properties of the copperized film were studied. The forming mechanism of the
auto-reconditioning film was also discussed.
2.Experimental
2.1.Characterization of copper nanoparticles
The TEM morphologies of copper nanoparticles surface modified by Methyl-methyl acrylate are shown in Fig.1.
It can be seen that morphology of single particle is sphericity and uniformity with diameter size less than 50nm, and
all particles show light soft agglomerate. Fig.2 shows the XRD spectra of surface modified copper nanoparticles. It
can be seen that the phase structure are composed of Cu (face-centred cubic structure), CuO and surface modifier.
By calculating, the size of copper nanoparticles is 24nm, which consists with the result of TEM observation.
Fig.1 TEM image of copper nanoparticles
2.2.Tribological and micro mechanical properties of nano copper reconditioning film.
The tribological properties were tested on a ball-on-disc tribotester (made in Poland, Fig.3 a). The lower disc
specimen made from 1045 steel was rotating with a dimension of -25.4mm× 6.1mm and surface roughness of
Ra=0.065m. The upper ball specimen, made from GCr15 bearing steel, was stationary with a diameter of 6.35mm
and surface roughness of Ra=0.012m. All tests were conducted at a rotating radius of 10mm, a sliding speed of
0.2m/s, a load of 50N and room temperature.
The wear track on the disc was measured using an optical microscope (with a precision of 0.01mm) and the wear
volume was calculated according to Eq.1. Each test was repeated for three times, and the average was adopted.
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Where M is the wear loss of weight, R is the upper ball radius, d is the width of the wear track, and r is the
rotating radius.
The micro mechanical properties of auto-reconditioning film were investigated on Nano Test System (made in
UK, Fig.3 b). A Berkovichthree sided pyramidaldiamond indenter was used throughout. The area function for
the diamond the relation between projected contact area and contact depthwas calibrated by indentations into
fused silica. The experimental conditions were: (1) preset initial load: 0.03 mN; (2) loading rate=unloading rate: 0.3
mN/s; (3) holding period at peak load: 60s; (4) hold at 90% unloading to determine thermal drift rate: 60s; (5)
Temperature: 26.
50 nm
Fig.2 XRD spectra of copper nanoparticles
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Fig.3 Schematic presentation of ball-on-disc tribotester (a); Nano Test system (b)
3.Results and discussion
3.1.Characterization of nano copper reconditioning film
Fig.4 shows the SEM analysis of ordinary film and copperized reconditioning film. It can be seen that the
morphology of the copperized protective film is smooth and the surface roughness Ra is better than ordinary film.
Fig.4 (c) is the magnify morphologies of Fig.4 (b), it can be seen that large range copperized reconditioning film are
formed, which proves Cu nanoparticles deposit on the worn surface and repair the wear scar by mechanochemical
reaction.
Fig.4 SEM analysis of ordinary film and copperized reconditioning film (a) ordinary film (×300); (b) copperized reconditioning film (×300); (c)
Cu nanoparticles depositing and welding on the tribo-surface (×5893)
By EDS analysis of copperized film, it can be seen that Cu element is uniformly distributed on the worn surface.
The content of Cu is 5.6 wt%. All the above mentioned analysis indicate that the copper nanoparticles react with the
worn surface metal and form a transfer and deposition film, which can repair and optimize the worn surface.
3.2.Micro mechanical property of nano copper reconditioning film
Fig.5 gives the load-depth curves of ordinary film and copperized reconditioning film. It can be seen from Fig.5
(a) that the indentation depth of copperized reconditioning film is higher than that of ordinary film under the same
load, which indicates that copperized reconditioning film has lower hardness. Fig.5 (b) and Table 1 show that the
values of hardness and elastic recovery parameter have little change when the load is not higher than 25mN, while
increase dramatically after the load reaches 30mN, which indicates the values are influenced by the substrate
material gradually. Thus the thickness of the copperized reconditioning film can be estimated at about 500nm. The
average hardness of the copperized film is 6.26GPa, lower 46% than that of ordinary film, which is benifical to
reduce the friction coefficient and wear volum.
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Fig.5 Load-depth curves of nano-indentation test (a) Representative indentation curves on ordinary film and copperized reconditioning film; (b)
Influence curves of load on copperized reconditioning film
Table1 Micro mechanical properties of different film
Parameter Hardness/GPa Elastic recovery parameter
Different film Ordinary film Copperized film Ordinary film Copperized film
Load / mN
20 11.21 6.27 0.21 0.09
25 11.23 6.25 0.21 0.08
30 11.40 9.87 0.21 0.09
35 12.00 13.08 0.21 0.19
40 11.87 16.05 0.21 0.21
3.3.Tribological property of nano copper reconditioning film
Fig.6 shows the tribological property of copperized reconditioning film formed under the different concentration
of copper nanoparticles. It can be seen that the copperized films have excellent tribological properties than ordinary
film. When the concentration of nano-Cu is 0.05 wt%, the copperized film shows best tribological properties, the
anti-wear and friction reduction properties have improved 1.57 times and 27.6% respectively compared with
ordinary film.
Fig.6 The influence of nano Cu concentration on tribological properties of copperized reconditioning film (a) wear loss of weight; (b) friction
coefficient
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Summary
Copper nanoparticles deposite uniformly on the surface and forming a auto-reconditioning film. The copperized
film has good tribological and micro mechanical properties. The anti-wear and friction reduction of the copperized
protective film have improved 1.57 times and 27.6% compared with the ordinary film. The nano-hardness of the
protective film is 6.26GPa, lower 46% than that of ordinary film.
The forming mechanism of the auto-reconditioning film can be described that the copper nanoparticles deposit on
the worn surfaces and form the iron-copper alloy film with lower hardness and shear strength, which has better
friction-reducing, antiwear and surface-optimizing behaviors.
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